Introduction {#section5-1470320320919607}
============

The renin--angiotensin system (RAS) plays an important role in the progression of diabetic nephropathy (DN).^[@bibr1-1470320320919607][@bibr2-1470320320919607]--[@bibr3-1470320320919607]^ The effects of the RAS on DN likely depend on the expression of angiotensin receptors in the kidney, but little information is available regarding angiotensin receptor expression in human subjects. Indeed, existing studies do not show consistent patterns: Wagner et al. reported that angiotensin II type 1 receptor (AT1R) mRNA levels were significantly lower in eight samples from patients with DN,^[@bibr4-1470320320919607]^ and Konoshita et al. found no difference in AT1 mRNA or AT2 mRNA expression levels among diabetic and non-diabetic subjects.^[@bibr5-1470320320919607]^ Complete assessment of angiotensin receptors \[angiotensin II type 1 (AT1), angiotensin II type 2 (AT2), and MAS) is necessary for evaluation of the effect of the RAS on the kidney.

Clinical and experimental studies have identified the RAS as a key factor in the progression of DN. A number of large-scale prospective studies have demonstrated that blockade of the system with angiotensin II type 1 receptor blocker (ARB) retards the progression of DN.^[@bibr1-1470320320919607],[@bibr6-1470320320919607][@bibr7-1470320320919607]--[@bibr8-1470320320919607]^ ARB is a recognized method for treating DN.

Angiotensin (Ang) II acts on two major receptor subtypes: AT1R and AT2R.^[@bibr9-1470320320919607]^ AT1R predominates in most tissues and mediates the classic physiological and pathophysiological actions of Ang II.^[@bibr10-1470320320919607]^ Although a role for AT2R in renal function is currently under investigation, activation of renal AT2R appears to have effects that generally oppose those induced by AT1R.^[@bibr11-1470320320919607]^ Ang (1--7) is generated in the kidney at relatively high levels, often opposing the vasoconstrictive and pro-proliferative actions of Ang II.^[@bibr12-1470320320919607]^ The biological effects of Ang (1--7) in the kidney are mediated primarily by interactions with MAS receptor.^[@bibr13-1470320320919607]^

However, information regarding AT1, AT2, and MAS receptor expression in human DN is very scarce. This prompted us to determine the expression levels of AT1, AT2, and MAS receptors in renal biopsies taken from human type 2 DN samples and to examine the effect of AT1R blockade on the expression of these receptors.

Research design and methods {#section6-1470320320919607}
===========================

Patient data {#section7-1470320320919607}
------------

We collected physical and clinical data from 115 patients diagnosed with DN from our database who met the following criteria. Inclusion criteria: 1) between 18 and 70 years of age; 2) renal biopsy (with ⩾10 glomeruli) performed at the Division of Nephrology of China--Japan Friendship Hospital; 3) diagnosed as DN, and 4) written informed consent. The exclusion criteria were as follows: 1) patients treated with angiotensin converting enzyme (ACE) inhibitors or renin inhibitor; 2) patients with endocrine disease with the renin-angiotensin-aldosterone system, for example primary aldosteronism; and 3) patients enrolled on any other type of clinical drug research. The study was approved by the local ethics committee.

Data collected included gender, age, mean arterial pressure (MAP), serum creatinine (SCr), hemoglobin (Hb), estimated glomerular filtration rate (eGFR), and 24-h proteinuria. eGFR was determined using the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) equation. Because normal human kidney tissue is difficult to get, we selected five patients with renal resection due to renal carcinoma and took normal renal tissue next to the cancer as a normal control.

Diagnose and pathological classification of DN {#section8-1470320320919607}
----------------------------------------------

Diagnostic criteria: on renal biopsy, early signs of DN include glomerular hypertrophy and thickening of the glomerular basement membrane (GBM). As the disease progresses, arteriolar hyalinosis, arteriosclerosis, progressive mesangial expansion, and Kimmelstiel-Wilson nodule formation occurs.

Biopsies diagnosed as DN are classified as follows^[@bibr14-1470320320919607]^: Class I, GBM thickening: GBM \>395 nm in females and \>430 nm in males. Class II, mesangial expansion, mild (IIa) or severe (IIb): mild or severe mesangial expansion in \>25% of the observed mesangium but without nodular sclerosis (Kimmelstiel--Wilson lesions). Class III, nodular sclerosis (Kimmelstiel--Wilson lesions): at least one glomerulus with a nodular increase in the mesangial matrix (Kimmelstiel--Wilson). Class IV, advanced diabetic glomerulosclerosis: more than 50% global glomerulosclerosis with other clinical or pathologic evidence that sclerosis is attributable to DN.

Immunohistochemistry {#section9-1470320320919607}
--------------------

After fixation, the renal tissues were embedded in paraffin and sectioned at 3-µm thickness. Following dewaxing via a hydration process, antigen repair was performed using the high-pressure hot-repair method, and endogenous antigen was inactivated using peroxidase. The sections were then washed in phosphate-buffered saline (PBS), incubated in goat serum working fluid for 30 min, and then separately with the following primary antibodies. All antibodies were purchased from Abcam (Cambridge, UK; anti-AT1R antibody: ab9391, anti-AT2R antibody: ab19134, anti-MAS1 antibody: ab66030). After an overnight incubation at 4°C, the reactions were visualized by staining with horseradish peroxidase and diaminobenzidine.

The protein expression of AT1, AT2, and MAS receptors was examined quantitatively using the Image-Pro Plus (IPP) 6.0 software program (Media Cybernetics, Silver Spring, MD, USA). First, we select the area of interest (AOI) by setting the color range (yellow or brown), and then measure the average optical density in the AOI. The mean density of the AOI was used to reflect the relative content of the target protein. A mean value was obtained by analysis of 10 different ﬁelds. Quantiﬁcation was done twice in a blinded manner, and interassay variations were not signiﬁcant.

Data analyses and statistics {#section10-1470320320919607}
----------------------------

Statistical analyses were performed with SPSS 17.0. Data were summarized using means ± standard deviation (SD) or medians as appropriate. Pairwise comparisons were made using Student's *t* test. Data with multiple comparisons were analyzed using ANOVA or by the nonparametric Mann--Whitney test. Statistical significance was set at *p* \<0.05.

Results {#section11-1470320320919607}
=======

Clinical and pathological characteristics of patients with DN {#section12-1470320320919607}
-------------------------------------------------------------

In total, 115 patients diagnosed with DN by renal biopsy and 5 normal controls were enrolled in our study. Clinical characteristics are listed in [Table 1](#table1-1470320320919607){ref-type="table"}. There were 87 men and 33women, age range from 26 to 75 years. The pathologic classification of the cases was as follows: 1 case of class I, 12 cases of Class IIa, 23 cases of class IIb, 72 cases of class III, and 7 cases of class IV. A total of 35 patients were receiving ARBs (6 losartan, 11 valsartan, 10 irbesartan, 6 telmisartan, and 2 olmesartan).

###### 

Clinical and pathological characteristics of patients with DN.

![](10.1177_1470320320919607-table1)

                              Normal control   Class I+IIa                                                        Class IIb                                                          Class III+IV
  --------------------------- ---------------- ------------------------------------------------------------------ ------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  *n*                         5                13                                                                 23                                                                 79
  Sex (M/F)                   3/2              10/3                                                               19/4                                                               55/24
  Age (years)                 63±8             52 ±11^[a](#table-fn1-1470320320919607){ref-type="table-fn"}^      48 ± 11^[a](#table-fn1-1470320320919607){ref-type="table-fn"}^     51 ± 9^[a](#table-fn1-1470320320919607){ref-type="table-fn"}^
  MAP (mmHg)                  98±4             101 ± 9                                                            101 ± 14                                                           102 ± 13
  Glucose (mmol/L)            6.2±1.0          7.8±4.8^[a](#table-fn1-1470320320919607){ref-type="table-fn"}^     8.6±3.5^[a](#table-fn1-1470320320919607){ref-type="table-fn"}^     8.5±4.6^[a](#table-fn1-1470320320919607){ref-type="table-fn"}^
  Proteinuria (g/day)         0.2±0.08         2.6 ± 2.4^[a](#table-fn1-1470320320919607){ref-type="table-fn"}^   4.3 ± 3.2^[a](#table-fn1-1470320320919607){ref-type="table-fn"}^   5.0 ± 2.6^[a](#table-fn1-1470320320919607){ref-type="table-fn"}[b](#table-fn1-1470320320919607){ref-type="table-fn"}^
  Serum creatinine (μmol/L)   83±18            93 ± 23                                                            128 ± 58^[a](#table-fn1-1470320320919607){ref-type="table-fn"}^    177 ± 96^[a](#table-fn1-1470320320919607){ref-type="table-fn"}[b](#table-fn1-1470320320919607){ref-type="table-fn"}[c](#table-fn1-1470320320919607){ref-type="table-fn"}^
  eGFR (mL/min per 1.73 m²)   81±9             78 ± 16                                                            65 ± 21^[a](#table-fn1-1470320320919607){ref-type="table-fn"}^     51 ± 19^[a](#table-fn1-1470320320919607){ref-type="table-fn"}[b](#table-fn1-1470320320919607){ref-type="table-fn"}[c](#table-fn1-1470320320919607){ref-type="table-fn"}^
  Hemoglobin (g/L)            126±14           133 ± 16                                                           124 ± 23                                                           105 ± 19^[b](#table-fn1-1470320320919607){ref-type="table-fn"}[c](#table-fn1-1470320320919607){ref-type="table-fn"}^
  Treated with ARB (n/N)      0/0              3/13                                                               12/23                                                              20/79

*p* \<0.05 vs. normal control; ^b^*p* \<0.05 vs. Class I+IIa; ^c^*p* \<0.05 vs. Class IIb. Data are mean ± SD.

ARB: angiotensin II type 1 receptor blocker; DN, diabetic nephropathy; eGFR, estimated glomerular filtration rate; MAP, mean arterial pressure; SD, standard deviation.

Typical changes in glomeruli in patients with each classification of DN are shown in [Figure 1](#fig1-1470320320919607){ref-type="fig"}.

![Typical changes in glomeruli in patients with each classification of DN (PAS, 200×).\
(a) class I, (b) class II, (c) class III, (d) class IV.\
DN, diabetic nephropathy; PAS, periodic acid-Schiff.](10.1177_1470320320919607-fig1){#fig1-1470320320919607}

AT1, AT2, and MAS receptor protein expression levels of tubulointerstitial in biopsy samples from DN patients {#section13-1470320320919607}
-------------------------------------------------------------------------------------------------------------

We assessed the renal expression levels of AT1, AT2, and MAS receptors in 80 human kidneys with DN. No patients were receiving angiotensin-converting enzyme inhibitors (AECI) or ARB. AT1, AT2 and MAS receptors were not significantly different between each classification of DN. Tubulointerstitial AT1R expression in patients of class IIb was significantly stronger than in control samples, Class I+IIa subjects, and Class III+IV subjects (*p* \< 0.05) ([Figure 2a](#fig2-1470320320919607){ref-type="fig"}). Tubulointerstitial AT2, and MAS receptors expression levels of Class IIb subjects, tended to be higher than those of control samples, Class I+IIa subjects, and Class III+IV subjects, but these differences were not statistically significant ([Figure 2b](#fig2-1470320320919607){ref-type="fig"},[c](#fig2-1470320320919607){ref-type="fig"}).

![Angiotensin II receptor protein expression levels of glomerular and tubulointerstitial in biopsy samples from DN patients.\
\**p* \<0.05 compared with control samples.\
AOI, area of interest; AT1R, angiotensin II type 1 receptor; AT2R, angiotensin II type 2 receptor; DN, diabetic nephropathy; MASR, MAS receptor.](10.1177_1470320320919607-fig2){#fig2-1470320320919607}

ARB regulates renal expression of angiotensin receptors in biopsy samples from DN patients {#section14-1470320320919607}
------------------------------------------------------------------------------------------

We assessed the effect of ARB on the renal expression of AT1, AT2, and MAS receptors in human DN (35 patients with ARB, 80 patients without RAS inhibitors). In the 35 patients receiving ARBs (6 losartan, 11 valsartan, 10 irbesartan, 6 telmisartan, and 2 olmesartan), protein expression levels of AT1Rs were downregulated in glomeruli, and tubulointerstitial (*p* \< 0.05), and the expression level of MAS receptors was upregulated in tubulointerstitial (*p* \< 0.05), but there was no difference in AT2R expression levels ([Figures 3](#fig3-1470320320919607){ref-type="fig"} and [4](#fig4-1470320320919607){ref-type="fig"}). Pre-treatment proteinuria was 4.7±2.9 g/day and reduced to 3.9±2.4 g/day after a 2-month ARB treatment in 35 patients.

![ARB regulates renal expression of angiotensin receptors in biopsy samples from DN patients.\
\**p* \<0.05 compared with samples without RAS inhibitors\
AOI, area of interest; ARB, AT1R blocker; AT1R, angiotensin II type 1 receptor; AT2R, angiotensin II type 2 receptor; DN, diabetic nephropathy; MASR, MAS receptor; RAS, renin--angiotensin system.](10.1177_1470320320919607-fig3){#fig3-1470320320919607}

![Representative immunohistochemistry staining images of kidney from DN patients (200x).\
(a)--(f) AT1R, (g)--(l) AT2R, (m)--(r) MAS receptor. a,d, g, j, m, p normal controls; b, e, h, k, n, q specimens without RAS inhibitors; c, f, i, l, o, r ARB group.\
ARB, AT1R blocker; AT1R, angiotensin II type 1 receptor; AT2R, angiotensin II type 2 receptor; DN, diabetic nephropathy; MASR, MAS receptor; RAS, renin--angiotensin system.](10.1177_1470320320919607-fig4){#fig4-1470320320919607}

Discussion {#section15-1470320320919607}
==========

The importance of the RAS in the regulation of blood pressure and fluid and electrolyte balance has been recognized for decades.^[@bibr15-1470320320919607]^ Its role in the pathogenesis of cardiorenal diseases is also widely accepted, based largely on results from clinical studies using drugs that interfere with the RAS.^[@bibr7-1470320320919607],[@bibr8-1470320320919607]^ Tissue RAS is thought to be controlled independently of traditional circulating RAS.

Compared with human tissues, considerably more is known with regard to animal models, especially the streptozotocin (STZ) diabetes model. The kidney of diabetic mice displayed upregulated protein expression levels of AT1 and AT2 and downregulated protein expression levels of MAS in most studies,^[@bibr16-1470320320919607][@bibr17-1470320320919607][@bibr18-1470320320919607]--[@bibr19-1470320320919607]^ but there were also some exceptions showing decreased protein of AT2R.^[@bibr20-1470320320919607]^ Both AT1 and AT2R mRNA levels in the kidney were reduced in diabetic spontaneously hypertensive rats (SHRs) compared with non-diabetic SHRs.^[@bibr21-1470320320919607]^ But, in diabetic WKY rats, no such reduction in AT1 expression was observed, although there was a trend toward reduced AT2R expression.^[@bibr21-1470320320919607]^ Because the STZ-induced diabetic animal is a model of type 1 diabetes, it is possible that expression of its genes differs from that in type 2 diabetes.

Compared with numerous studies on animals, only a small number of studies have examined the expression of renal tissue angiotensin receptors in human DN. AT1R mRNA levels were significantly lower in eight samples from patients with DN.^[@bibr4-1470320320919607]^ In another study, AT1 mRNA expression of non-diabetic subjects tended to be higher than that of diabetic subjects, but this difference did not reach statistical significance, and the AT2 mRNA expression level of diabetic subjects was comparable to that of non-diabetic subjects.^[@bibr5-1470320320919607]^ Only one study used a semiquantitative histochemical method to assay AT1 protein expression, and this study found AT1R expression was lower than AT2R expression in the 10 samples from patients with DN.^[@bibr22-1470320320919607]^

Our study is the first to assess angiotensin receptors (AT1, AT2, and MAS) protein expression in a large sample of human patients with DN. Taking into account the ethical standards of the responsible committee on human experimentation and the Declaration of Helsinki, we selected five patients with renal resection due to renal carcinoma, and took normal renal tissue next to the cancer as a normal control. As whole biopsies are a composite of various renal structural components, we analyzed AT1, AT2, and MAS receptor expression levels in glomerular, and tubulointerstitial. We assessed the expression of AT1, AT2, and MAS receptors in two groups of DN patients: one group was not receiving any RAS inhibitor, another group was treated with ARB only. AT1R mediates the classic physiological and pathophysiological actions of Ang II. AT1 protein expression levels increased during the early stages of DN, but decreased during the late stage. Elevated angiotensin II immunohistostaining was observed in tubular and infiltrating cells in diabetic human kidneys^[@bibr23-1470320320919607]^. It is therefore tempting to speculate that a decrease in AT1R and AT2R levels mirrors high intrarenal Ang II concentrations, provoking a negative feedback response. Previous studies have shown a decrease in AT1 mRNA expression, which may be related to the enrollment of diabetic patients.

After treatment with ARB, AT1R protein expression levels were downregulated in glomerular and tubulointerstitial, and MAS receptor expression levels were upregulated in tubulointerstitial, but there was no difference in AT2R expression, which is consistent with a previous animal study.^[@bibr24-1470320320919607]^ It should be noted that, as seen in [Figure 2](#fig2-1470320320919607){ref-type="fig"}, AT1R expression increased significantly only in class IIb DN patients; AT2 and MAS have an increasing trend, and there were no significant change in angiotensin II receptor expression in class I+IIa and class III+IV. In this study, only 20% (23/115) DN patients were class IIb, and 80% (95/115) patients were class I, IIa, III, or IV. We believe that the severe lack of members of class IIb may be the main cause of similarity between the group of DN patients without RAS inhibitors and normal controls.

The MAS receptor is considered part of the protective arm of the RAS and has been implicated in improving disease phenotypes, such as obesity hypertension and chronic kidney diseases, as supported by pharmacological and knockout animal studies.^[@bibr25-1470320320919607]^ Our previous research also found that MAR receptor expression levels were significantly higher in the group of mesangial hypercellularity.^[@bibr26-1470320320919607]^ Currently, we believe that the local MAS receptor in the kidney is a protective receptor, and its expression is increased in the case of kidney damage.

Due to the small volume of the renal tissue obtained from the patient's renal biopsy, there is not enough protein to carry out a western blot on the premise of completing the clinical pathological diagnosis, so we chose to replace this step with immunohistochemistry. If there is any opportunity to obtain more kidney tissue samples in the future, we will perform quantitative detection of proteins. Also, we plan to collect blood samples and test for Ang II, Ang 1--7 and other indicators in the future.

In summary, our study directly observed the expression of AT1R, AT2R, MAS and confirmed the local role of ARB in kidney: expression levels of AT1R increase during the early stages of DN. Blockade of the AT1R by ARB had disparate effects on the renal expression of angiotensin receptors, reducing AT1R while increasing MAS receptor expression.
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